Summary
Introduction
Many herbivorous insects utilize particular plant resources during small windows of development or during short periods when plants are of suitable quality. The sheer abundance of herbivorous insects suggests that temporal associations are common and widespread. Such associations have been documented in a number of systems, where temporal constraints limit insect abundance and affect insect life history and feeding strategy (Ohgushi 1992) . Classic studies of winter moth, for example, suggest that the synchrony of larvae with leaf flush is a primary determinant of larval success (Feeny 1970; Holliday 1977; Hunter, Varley & Gradwell 1997) . Still other studies of forest moths (Witter & Waisanen 1978; Hunter & Lechowicz 1992; Gomariz 1994) and leaf-miners (Connor et al . 1994; Fox et al . 1997) show that the timing of leaf emergence and plant tissue death influence factors such as the timing of hatching and diapause or population growth rate.
Because many insect-plant associations have a temporal component, they may be altered by environmental variation and change that decouples the overlap of herbivore and host. Some fear that global warming, for example, could alter the synchrony of insects and plants (Dewar & Watt 1992; Buse & Good 1996; Buse et al . 1998; Ayres & Lombardero 2000; Visser & Holleman 2001) , leading either to release of food-limited populations or an increase in temporal constraints on larval feeding (Ayres 1993; Volney & Fleming 2000) .
The timing of insect-plant interactions is affected by a wide range of factors, however (Dewar & Watt 1992) . For polyphagous insects, these factors include changes in the timing of both the plant and insect, differential responses of alternative host species to environmental conditions, behavioural and physiological flexibility of the insect to deal with changing host plant quality, and the availability of alternative host resources. This study examines the intersection of several of these factors in a butterfly-plant system to quantify the impact of differing abiotic conditions on an insect species. In this system, plant phenology is hypothesized to limit larval survival (Singer 1972) , but the mechanism underlying this limitation at the individual level is not known. Larvae are able to move and, depending on the host resources available and the severity of conditions, they may be able to track changes in their host environment. If such tracking occurs, this system lies at one end of a spectrum that describes larval mobility relative to host size, thus providing an interesting comparison to lessmobile or single-host populations of Lepidoptera.
This study tests the prediction that the larval-host plant association can be decoupled, that larval performance declines with decoupling, and that the effects of decoupling are partially dependent on host plant use (i.e. larval behaviour). To explore this prediction, I pursued three sets of observations and experiments. First (section I), I examined larval behaviour and movement among alternative host species in the field to determine how larvae use the resources available to them. This tests the hypothesis that larvae move among hosts but that larval diet is constrained by host plant of oviposition. Second (section II), I examined differences in nutrient content between hosts and quantified differences in their nutritional value using a temperature treatment that replicates moderate and extreme field conditions. This tests the hypothesis that hosts differ in quality and rate of change and quantifies how their phenology is affected by a key environmental variable. Third (section III), I examined how host availability and quality affect larval survivorship and growth under these temperature regimes. This tests the hypothesis that larval performance and growth differ under different abiotic conditions but that performance varies according to host plant use and host phenology. In total, these studies examine the potential for a temporally constrained species to buffer against shifts in temperature -a factor that may alter the timing of plant-insect interactions. Because temperature is implicated in climate change, these studies also suggest the future vulnerability of butterfly populations.
Methods

 
The Bay checkerspot butterfly, Euphydryas editha bayensis (Sternitzky 1937) , is a threatened insect inhabiting isolated patches of native grassland on serpentine soil near San Francisco, California. The serpentine grassland is composed primarily of short-statured, annual forbs that germinate with autumn and winter rains and senesce each spring. The butterfly is univoltine with an obligatory larval diapause. Adults fly and lay eggs in the early spring; prediapause larvae forage through four instars in the middle and late spring and re-emerge as postdiapause larvae in the autumn.
Bay checkerspot larvae feed on two types of host plants -Plantago erecta (Morris) and two species in the genus Castilleja ( C. exserta (Heller) Chuang and Heckard and C. densiflora (Benth.) Chuang and Heckard). Plantago erecta is common and widespread, while Castilleja is patchily distributed and variable in abundance among years (Hellmann 2000) . Visual assessments of host plants suggest that plants on slopes with differing aspect, exposure and total insolation senesce at different times (Weiss, Murphy & White 1988; Fleishman et al . 2000) . Visual assessments also suggest that the two hosts senesce at different times within a slope such that Castilleja stays green longer than P. erecta .
Field observations indicate that prediapause larvae are limited by suitable food resources as they approach diapause. Larval mortality has been observed to exceed 80-90% (Dobkin, Olivieri & Ehrlich 1987) , and studies in the late 1960s and early 1970s found that postdiapause larvae were spatially correlated with the location of long-lasting host resources in the previous spring (Singer 1972) . Several population declines also have followed years with high and low precipitation, suggesting that abiotic conditions may alter the timing of larvae relative to their hosts, leading to exceptionally high mortality and population declines (Ehrlich et al . 1980) . Of the many factors that affect the timing of larvae and plants, the interaction of temperature (slope exposure plus ambient temperature) and water (precipitation) appear key. In the experiments described below, I use temperature as a controlling variable while holding precipitation constant in order to manipulate the phenology of this system, and I ask how larval feeding behaviour modifies the effect of this manipulation.
.    
First, to study the prevalence of larval movement and the influence of adult choice on larval foraging, larvae were observed foraging in the field while their host plant of oviposition was controlled. All potential competitors and predators detected in the enclosures were removed, and each enclosure was stocked with three mated, adult females. After 24 h the females were released, and the enclosures were exhaustively surveyed for egg masses. The average age of the females was constant across containers, and the size of egg masses was assumed to be within the range of natural variation. Some plants with egg masses were removed from an enclosure or moved from one enclosure to another so that each enclosure had two or three egg masses, all of which were on the same host (either P. erecta or Castilleja ). (Relocation of egg masses does not affect their probability of hatching; J. J. Hellmann personal observation.) Twelve of the enclosures (type A) had eggs only on P. erecta , and 7 enclosures (type B) had eggs only on Castilleja .
Enclosures were surveyed for larvae approximately every 3-4 days. Owing to weather constraints, not all enclosures were surveyed on each survey day. Surveyors were randomized with respect to the enclosures, and their searching strategy was checked periodically to maintain constant searching effort. The order in which enclosures were surveyed was varied among days to control for the effects of weather and temperature on larval detection.
Larvae were easy to locate by their movement and their foraging location. To maximize the number of replicates surveyed, we estimated the number of larvae observed on each of three substrates ( P. erecta , Castilleja or other) during a 30-s survey of each grid cell. Larval abundance was classified as single, several or many individuals; abundance was then scaled to 1, 3 or 10 individuals for analysis. All data were recorded between 11:00 and 16:00 when it was not raining. If no larvae were seen in an enclosure in at least four consecutive surveys, the number of larvae in that enclosure was assumed to be zero for the remainder of the study.
.     
To study the dynamics of larval food quality, changes in host plant nutrient content were quantified under two senescence regimes produced by differing environmental temperatures. Twenty-four intact plots (56 × 28 cm 2 ) of plants were removed from the KCBR in the late winter of 1998 and placed in greenhouses. Twelve of these containers held a small serpentine grassland community including both C. exserta and P. erecta (both-host plants) while the other 12 had a community with P. erecta but no Castilleja spp. ( P. erectaonly). These mixtures replicated the natural patchiness and annual variation of the grassland. The mixture also maintained any parasitic relationships between C. exserta , a hemiparasite, and its neighbours (Hickman 1993) . Containers were randomly assigned to four greenhouses such that each greenhouse held three both-host plant containers and three P. erecta -only containers.
The containers were then exposed to two temperature treatments that replicate benign and extreme conditions observed in the field, corresponding to Table 1 . Vegetation in field enclosures (section I) and greenhouse containers (section III)
Total number of C. densiflora and C. exserta per enclosure. 2 Enclosures (75 × 75 cm 2 ) were divided into 36 survey cells; abundance is the average per-cell index for each enclosure; index: 1 = 1-3, 2 = 4 -10, 3 = 11-30, 4 = 31-50, or 5 = 51 + individuals. 3 Abundance is the average cover per-cell for each enclosure; for grass, the measure is an index: 0 = 0, 1 = 1-33, 2 = 34-66, or 3 = 69-99% of standing plant material. 4 Total number of individuals per container. 5 Containers (28 × 20 cm 2 ) were divided into 24 survey cells; abundance is the average per-cell index for each container; index: 1 = 1-2, 2 = 3-4, 3 = 5-16, 4 = 17-32, 5 = 32-64, 6 = 65-128, 7 = 128 + individuals. moderate, flat slopes and steep, south-facing slopes, respectively (from Weiss 1996) . A combination of radiative heat and air conditioning was used to maintain a daytime soil surface temperature of approximately 20 ° C (ambient treatment) for containers in two greenhouses and approximately 30 ° C (elevated treatment) for containers in two other greenhouses. All greenhouses were allowed to cool to the night-time ambient temperature, had the same, ambient photoperiod, were watered according to concurrent rainfall measurements taken near the KCBR (National Weather Service), and had a light intensity in the range of 1075-4300 lm m − 2 (100-400 lumens per square foot) during the daylight hours.
Temperature at the soil surface was recorded in several containers in each greenhouse, and the actual surface temperature varied around the target values as a function of outside temperature and time of day (Fig. 1) . The temperature of the elevated greenhouses was consistently higher than the ambient treatment. The 10 ° C temperature difference between the ambient and elevated treatments at the soil surface translated to an average air temperature difference of 3·3 ° C. The interaction of the temperature manipulation and constant precipitation created a moisture gradient in the treatments as well.
Entire above-ground plants were sampled from each greenhouse every third or fourth day. To sample P. erecta , a random coordinate was selected for each P. erecta -only container, and a small group of individuals (two or three plants) was drawn from this coordinate. Plantago erecta individuals were not sampled from the both-host containers to avoid including parasitized individuals. To sample C. exserta , a random coordinate was selected for two of the three both-host plant containers in each greenhouse, and a single individual with remaining green material was drawn from near these coordinates. When a container had no remaining green C. exserta plants, a zero value was recorded for that container. Fewer C. exserta plants were selected than P. erecta plants to avoid their depletion. The protocols for sampling the two hosts were distinct because of differences in the abundance of each plant type. There was no a priori reason to expect that containers differed in soil or other properties other than the presence or absence of C. exserta .
Sampled plant material was weighed and dried (24 h at 80 ° C) to determine percentage water content. The concentrations of nitrogen and phosphorus were determined from ground, whole-plant samples (10 > x > 50 mg) using Kjeldahl digests with copper sulphate and an Alpkem RFA/2 continuous flow analyser (O.I. Analytical, TX 77845, USA).
.    
To study the effect of host availability, host senescence and the environmental conditions that affect host senescence, the temperature treatments described above were applied to larvae foraging in containers. Again, these treatments replicate benign vs. extreme temperature conditions in the field. Twenty-four plastic containers (28 × 20 cm 2 ) were filled with plants and soil taken from near the KCBR in the late winter of 1999 such that 12 of the containers held both host plants and the other 12 had only P. erecta . Because the identity of a greenhouse did not affect the senescence of plants in the studies of 1998 (see Results), the containers were placed in only two greenhouses, one ambient and one elevated. As in the previous year, the surface temperature of the containers varied around the target values as a function of outside temperature and time of day (Fig. 1) , and the surface temperatures in the elevated greenhouse were consistently higher than in the ambient treatment. All containers again were watered according to concurrent rainfall measured in the field.
The abundance and height of C. exserta were standardized between the temperature treatments by selective thinning so that containers did not differ with respect to the initial abundance of C. exserta or P. erecta (Table 1) . Thirty mated females were collected from the KCBR, taken to the laboratory, and allowed to oviposit for approximately 48 h. The resulting egg masses were held at ambient temperature for approximately 10 days until hatching. All detected competitors and predators were removed from the study containers, containers were covered with mesh screening to prevent escape, and newly hatched larvae were placed in groups of 28 in the centre of each container at the base of a non-senescent P. erecta . This group size is at the lower end of the natural range of egg cluster size (Labine 1968 ; C.L. Boggs, unpublished data). All containers were stocked during a 24-h period, and the larvae in each container were drawn from a mixture of one or two broods to minimize genetic effects.
Each container was exhaustively surveyed for larvae three times per week. The location of larvae (based on a survey grid of 24 cells) and the plant species or other material on which they were seen were recorded. Four surveyors were rotated among the containers, and their searching strategy was standardized. If no larvae were seen in at least six consecutive searches of a container, the number of larvae in that container was assumed to be zero for the remainder of the study. To measure growth, larvae from each of the treatment groups were sampled randomly with replacement for weighing twice per week. To track host plant senescence, the number of green P. erecta and the number of alive C. exserta in each container were recorded once per week. Larval surveys ended when larvae reached a size and instar suitable for diapause. Containers were exhaustively searched for all remaining larvae, and survivors were weighed and returned to the field.
Results
.    
From field observations, one can build a representation of larval host plant use and examine the relationship between natal host plant and larval behaviour. A total of 72 egg masses were laid in the field enclosures (per enclosure mean = 3·79 and SD = 2·15); 43·1% were found on P. erecta , 22·2% on C. densiflora , 2·8% on C. exserta , and 31·9% on a non-host plant or other substrate. There was no relationship between the vegetation of an enclosure and its initial egg distribution (i.e. before mass removal and relocation) except that enclosures with a higher number of C. densiflora plants had a higher number of egg masses on C. densiflora ( r = 0·51, P = 0·03). The maximum temperature in the enclosures was slightly lower than field conditions because of the screen coverings, but temperature otherwise was comparable in and outside the enclosures.
Larvae were observed on a wide variety of substrates over the study period, and movement from the natal plant was detected soon after hatching (Fig. 2) . By the first survey day ( ∼ 3 days after hatching), some larvae had moved from their natal host and were found on a different host species from the one on which they were laid. By the second survey day ( ∼ 8 days after hatching), the proportion of larvae on Castilleja spp. and P. erecta was indistinguishable from 1 : 1. By the third survey day ( ∼ 10 days after hatching), the proportion of larvae on P. erecta steadily declined and the proportion of larvae on Castilleja correspondingly increased. By the seventh survey day ( ∼ 22 days after hatching), the proportion of larvae on Castilleja reached its peak and began to decline. During the later half of the sampling period when many host plants had senesced, the proportion of larvae on a non-host plant grew from near zero to approximately 70% as larvae began seeking diapause sites and spent a smaller fraction of their time foraging.
Thirteen of the 19 enclosures held some larvae for the entire study period, and the persistence of larvae in an enclosure was independent of natal host species. By the end of the study, there were, on average, four larvae in each type A enclosure (natal host = P. erecta ) and five larvae in each type B enclosure (natal host = Castilleja ) (SD A = 5·38; SD B = 5·52). The amount of grass was the only characteristic that was correlated with the number of larvae seen on the last survey day ( r = 0·46, P = 0·05; see Table 1 ), and this characteristic did not differ between the two enclosure types ( U = 44, P > 0·2).
.     
From the samples of host plants exposed to the two temperature treatments, one can determine how hosts differ in their nutritional quality and rate of senescence. An  model for a nested design was used to quantify the effect of time, host species and temperature on the water and nutrient content of plants. The zeros recorded for containers with no remaining green C. exserta plants were excluded from the  analysis.
The content of water and nutrients decreased through time for both hosts under both temperature treatments (Table 2) . Plants in the elevated temperature lost water more quickly than did plants in the ambient temperature as indicated by the interaction of time and temperature in the  table for water content. The rate of senescence also differed between host species as indicated by the interaction of time and species for water, nitrogen and phosphorus content. The water and nutrient content of P. erecta declined more quickly than that of C. exserta . Finally, the hosts differed in the amount of nitrogen and phosphorus they Table 2 .  results for three measures of plant senescence from greenhouse studies (section II). 'Cont.' refers to the random effect replicates (i.e. containers) nested within temperature and species treatments. The effect of greenhouse and the interaction of temperature, species and time were not significant. Sample sizes for water content: P. erecta elevated, n = 90; P. erecta ambient, n = 88; C. exserta elevated, n = 35; C. exserta ambient, n = 43; sample sizes for nutrient content: P. erecta elevated, n = 102; P. erecta ambient, n = 101; C. exserta elevated, n = 44; C. exserta ambient, n = 57. Bold type = P < 0·05
Water
Nitrogen Phosphorus
contained independent of time. Castilleja exserta had a higher concentration of both nitrogen and phosphorus, but the nutrient content of C. exserta individuals was more variable than that of P. erecta (Table 3) .
.    
From observations of larval feeding in the greenhouse, one can quantify the impact of resource availability and abiotic conditions on patterns of host occupancy, larval survivorship and larval growth. In the containers where larvae had access to both hosts, the two temperature treatments had different patterns of host use. In the elevated temperature, almost all larvae moved to C. exserta from their original placement on P. erecta by the first survey day ( ∼ 7 days after hatching) (Fig. 3a) .
The proportion on C. exserta in this group later declined, and the proportion of larvae on a non-host substrate correspondingly increased. In the ambient temperature, however, larvae were found approximately equally on P. erecta and C. exserta during the first survey day and later moved to C. exserta (Fig. 3b) . In this group, the proportion of larvae on any non-host substrate was low for the entire study period. The assessments of host plant senescence recorded weekly corroborated the water and nutrient data in section II above. The ambient treatment had more nonsenescent P. erecta than did the elevated treatment for most of the study period (Fig. 4a) . The average abundance of fully alive C. exserta plants declined quickly under both elevated and ambient conditions (Fig. 4b) , but during and after week three, the only remaining fully alive plants were found in the ambient treatment.
Standard  techniques could not be used to test for the effect of the temperature and host plant treatments on larval performance because samples are not independent of one another (i.e. containers were repeatedly sampled over time). Instead, survivorship differences among the treatment groups (Fig. 5) were examined by estimating the area under the survivorship curve of each container and contrasting these estimates. This area was quantified using a method of trapezoidal sums: eqn 1 (Tables 4 and 5 ). Differences among treatment groups for just the first trapezoid, I (0,n) , suggest that immediately after stocking, more larvae died: (1) in the P. erecta-only than in the both-host treatment and (2) in the ambient than in the elevated temperature (Table 4) . These abundance data also could be analysed with survivorship analysis (Kaplan-Meier). To do so one must account for error in measurement and the fact that the observed number of larvae did not strictly decline through time. Assuming that error was due to missed individuals, Kaplan-Meier gives the same result as above (host plant treatment: χ 2 = 34·3, P < 0·001; temperature treatment: χ 2 < 0·01, P = 0·98). Differences in larval growth among the treatment groups were examined by regressing the natural log of larval biomass against time for each container. Each regression curve was constrained to intercept the mean biomass of a newly hatched larva (0·0002 g). Comparing the slopes of these regression lines with  shows that temperature (n E = 9, n A = 9, U = 13, P = 0·015) but not host plant treatment (n C = 10, n P = 8, U = 50, P = 0·374) significantly affected the rate at which larvae accumulated biomass (Table 5 ; Fig. 6 ). The growth rate of larvae in the elevated temperature was higher than in the ambient temperature. The difference in the length of the field and greenhouse studies also suggests that rates of growth in greenhouse trials were higher than those in the field (Figs 2 and 3) .
Discussion
This study indicates several factors that are important to the foraging success of Bay checkerspot larvae, a polyphagous species thought to be affected by temporal food limitation. Results confirm the prediction Table 4 .  model of log-transformed I (0,n) and I (0,1) estimates of the area under the larval abundance curve through time (see Results) (section III)
that the larvae-host plant interaction can be decoupled, leading to declines in larval survivorship, but the magnitude of these effects is partially buffered by larval behaviour and host plant availability. As such, the results of this study have implications for the criteria and strategies that ovipositing females and larvae employ to maximize larval survivorship. The findings also indicate the degree to which Bay checkerspot populations may be susceptible to variation or persistent change in their abiotic environment. This study uses temperature to simulate differing phenologies because it is a prominent, visible factor in the field.
   
Which resources prediapause larvae use and when they use them appear to be affected by the timing of host senescence. The data on host plant content suggest that higher temperatures increase the rate of host senescence. If larvae respond to differences in host timing, they should shift their diet toward the longer-lasting host (Castilleja) more quickly under extreme temperatures than under more benign temperatures. Indeed, larvae in the higher temperature treatment moved from an equal distribution on the two hosts toward exclusive use of Castilleja sooner than did larvae in the lower temperature treatment, suggesting that larvae use P. erecta in combination with Castilleja until P. erecta becomes unsuitable. Data from the field also support the hypothesis that larvae shift toward Castilleja as P. erecta senesces. Furthermore, the higher survivorship of larvae feeding on both host plants than those feeding on P. erecta alone suggests that the ability to move among hosts is important to the dynamics of checkerspot populations. The result that larvae suffer high rates of mortality on senescent host material and appear to avoid such material confirms previous observations that the spatial pattern of host senescence and larval mortality coincide (Singer 1972) . It also provides partial support for the hypothesis that extreme historical weather patterns can lead to population decline if they cause accelerated host senescence (Ehrlich et al. 1980; Dobkin et al. 1987; Cushman et al. 1994) . In experimental containers where hosts were all or mostly senescent, mortality approached 100%.
The effect of temperature on this system is not simply an acceleration of plant senescence, however. Instead, the combined direct and indirect effects on larvae are strongly mediated by larval movement and host plant availability. The conditions that accelerate host plant senescence (i.e. higher temperature) actually confer a survivorship advantage when larvae are able to utilize the longer-lasting host, Castilleja.
    
I found no relationship between the oviposition choice of an adult and the diet of her offspring at a local scale (see also Singer 1971) . Host plant of oviposition did not explain the pattern of substrate use or the probability of extinction observed in field studies. The evolution and ecology of host plant choice by adult females have been well studied in E. editha (e.g. Singer Table 5 . Average and standard deviation (parentheses) of date larvae last seen, total area under the larval abundance curve, and rate of larval growth estimated from least squares (section III) 3 Slope of least-squares curve of ln(biomass) vs. time where intercept was constrained to initial size at hatching (0·0002 g); n is the number of larvae weighed over the study period in each treatment group. Singer 1994; Radtkey & Singer 1995) , but the results presented here suggest that for this subspecies, larval choice outweighs oviposition choice. Oviposition on a scale larger than a larva can move, however, does appear to be vitally important to larval performance. As indicated by the success of larvae in the greenhouse treatment where both host plants were available, larvae hatching from eggs laid in an area with access to Castilleja have a significant survivorship advantage over larvae hatching where Castilleja is absent. The finding that Castilleja generally increases larval survival suggests that managing for Castilleja would help preserve this endangered butterfly. Assuming that females are limited in their ability to identify and oviposit on Castilleja when it is at low density, years with few Castilleja individuals should lead to fewer larvae surviving to diapause and hence declines in butterfly abundance the following year. Conversely, higher densities of Castilleja should yield a greater number of larvae and adults.
  
Perhaps larvae move toward Castilleja not because of the senescence of P. erecta, but because they inherently prefer it. Two pieces of evidence suggest that this not the case. First, I observed a higher rate of movement from Castilleja to P. erecta than from P. erecta to Castilleja as recorded on the first survey day in the field enclosures, suggesting that larvae hatching on P. erecta have a higher propensity to stay on their natal host than larvae hatching on Castilleja (Fig. 2) . Second, I observed a small peak in the proportion of larvae seen on a non-host substrate in the Castilleja enclosures on the first survey day (Fig. 2b) , suggesting that many larvae initially leave Castilleja in search of another host.
The predominance and success of larvae on Castilleja raise a perplexing question: why do larvae bother eating and females bother ovipositing on P. erecta? Some factor other than the timing of host senescence and the nutrient content of plant tissues must play a role in diet selection (Singer 1994) . The greater reliability of P. erecta than Castilleja may favour foraging on this seemingly unsuitable host. Plantago erecta is consistently abundant across years and appears to be less variable with respect to nutrient content than is Castilleja. Compounds other than water, nitrogen and phosphorus also may be important to host plant choice, and P. erecta may be a better source of these compounds (Mattson 1980) . For example, hosts may differ in their iridoid glycoside content, a compound that larvae sequester for defence against predators (Bowers 1981 (Bowers , 1983 , and larvae may forage for this compound when water, nitrogen and phosphorus are not limiting. The two hosts also may differ in the bioavailability of their nutrients, the concentration of other defensive compounds, or a mixed diet may be favoured in the face of changing host plant quality (Pulliam 1975; Westoby 1978; Scriber & Slansky 1981) .
Several selective pressures could also play a role in host plant use. Recent drought or a warming trend may have selected for increased use of Castilleja over P. erecta (Parmesan 1996; Singer et al. 1994) . Predation and competition also could influence larval diet by forcing larvae to choose a suboptimal diet or move before a quality resource is depleted (Bernays & Graham 1988; Stamp 1993 ). Competition does not seem severe in this system, however, because plants are not typically defoliated (J. J. Hellmann personal observation, but see White 1974) . The amount of predation on larvae is not known but is thought to be relatively inconsequential (J. J. Hellmann personal observation; Singer 1972).
   -  
Many herbivorous insects forage on only a single or a few plants during development. For species that are confined to a single host, compensatory strategies for dealing with asynchrony include increasing consumption and widening dispersal within a host (Schultz 1983; Slansky 1993; Kause, Haukioja & Hanhimäki 1999) . Slightly more mobile species invest in costly movement from one host plant to another (e.g. Wint 1983 ). Bay checkerspot larvae, in contrast, appear to use frequent movement and active host selection to deal with changing resource quality. This strategy may be due to the short-stature and high variability (both within and across years) of the serpentine grassland, and the costs of movement may be relatively low. At both ends of the mobility spectrum, however, polyphagy appears to be a strategy for dealing with resource uncertainty. In this checkerspot system, polyphagy occurs at the level of the individual, while in less mobile species, polyphagy occurs predominantly at the population level.
 
The results of this study also speak to the potential impacts of altered environmental temperatures on butterfly populations. The temperature treatments in this study correspond to an air temperature gradient on the order of that predicted under global warming (3·3 °C) (Houghton et al. 2002) . Hence, climatic change may shift the bulk of this system to resemble conditions that are currently experienced on only steep, south-facing slopes; such extremes may be become more frequent or apply to a greater area of the habitat. Under an elevated temperature scenario, understanding the use of Castilleja is key to predicting persistence because it buffers larvae against temperature extremes (assuming the insect does not compensate for change with earlier emergence, hatching or diapause). However, if environmental changes are more extreme than the temperature treatments examined here, Castilleja also may senesce too quickly for suitable numbers of larvae to reach diapause and populations could decline. Of course, forms of change other than temperature may affect this system. Other changes may include increased nighttime temperatures, altered frequency of extreme precipitation events and elevated CO 2 (Houghton et al. 2002; McLaughlin et al. 2002) . If these factors alter the synchrony of larvae relative to plants, the temperature results presented here may be a useful baseline for hypothesizing their effects.
Conclusion
A general theory of insect ecology requires understanding the relative influence of many factors on insect-plant interactions. This study demonstrates how host plant availability and larval host plant use mediate the direct and indirect effects of abiotic conditions on larval survivorship. As such, it aids our understanding of the constraints on larval foraging, the selective pressures on diet selection, the capacity of behavioural adaptations to buffer against uncertainty, and the potential responses of populations to environmental variation and change. Because this system lies near one end of the larval mobility spectrum, it may be less sensitive to altered environmental conditions than those systems with foragers that cannot track changes in their resource environment. Such comparisons and assessments are necessary to predict the ecological and evolutionary trajectory of insects that are temporally limited by food resources.
